Abstract The anterior cruciate ligament (ACL) is a stabilizing structure to both anterior translation of the tibia with respect to the femur as well as rotation of the knee joint. Children and adolescents are susceptible to these injuries, and there are some who believe the incidence of ACL injuries in this population is increasing due to year round single sport participation. Pediatric ACL injuries are typically seen in several forms: tibial avulsion fractures, partial ACL tears, and full thickness ligament tears. There were and still are some who feel that ACL injuries should be treated non-operatively in the pediatric and adolescent population; however, recent literature refutes this notion. Several factors must be considered during pediatric and adolescent ACL reconstruction, each of which will be examined in this manuscript, including: status of the physis, reconstruction technique, and graft source.
Introduction
Anterior cruciate ligament injuries can be a devastating injury, with significant time lost from sport as well as potential degeneration of the knee in the future [1] . This is due not only to the meniscal and chondral damage at the time of injury but also potential changes in the kinematics of the knee due to treatment decisions [2] . ACL injuries are thought be increasing in several patient population, including pediatric and adolescents as well as in female athletes. Increasing numbers of athletes, year round sports participation, and more focus on a single sport are all theories as to why this may be occurring [3] [4] [5] [6] . ACL injuries are one of the most researched orthopedic injuries and yet there are still many controversies surrounding the appropriate treatment of these injuries.
There are several factors that can make treating a pediatric or adolescent ACL injury more challenging. Making an accurate diagnosis can be difficult as there is a spectrum of injuries including tibial avulsions, partial ACL tears, and complete tears, and there can be multiple barriers to performing an accurate examination in this patient population. Also, there is some controversy over the appropriate treatment of these injuries in the pediatric and adolescent patient, mostly out of concern for the physis and potential growth disturbances [4, [7] [8] [9] . If surgery is chosen, there is debate over the appropriate technique as well as graft choice. Finally, the pediatric and adolescent population may have difficulty adhering to a detailed rehabilitation protocol. The purpose of this manuscript is to outline the evaluation and current evidence based management of ACL injuries in the pediatric and adolescent patient and address many of these controversies using the most recent biomechanical and clinical research.
Mechanism of injury/symptoms
The mechanism of injury can be either contact or noncontact. Most commonly, ACL tears are non-contact injuries caused by a pivoting mechanism with the knee partially flexed and the foot planted [10] . A hyperextension of the knee with a valgus or rotational force has also been described. One study demonstrated that tibial eminence fractures were more likely to occur rather than ACL tears when loading rates were slower [5, 6] . This study also noted some plastic deformation with permanent elongation of ACL fibers prior to the fracture occurring, which may cause the clinical laxity that can accompany these injuries despite anatomic fracture reduction [11] [12] [13] .
Patients will typically report an audible "pop" in the knee, followed by relatively quick (12-16 hours) development of a hemarthrosis, and inability to return to sport. Weight bearing may be challenging initially, but typically is regained shortly after the injury. However, in children and adolescents, this period of inability to bear weight may be longer than in adults.
Examination
In children with a traumatic hemarthrosis of the knee, often radiographs are performed first out of fear of displacing a non-displaced tibial eminence fracture. Once this has been ruled out, a more standard knee examination can be performed. While the Lachman maneuver has classically been the test of choice for examination of ACL, the pivot shift may actually be a better determination of whether the knee is stable and the ACL is functioning [14] . Unfortunately, pivot shift examination is difficult to perform in the office setting in an acutely injured knee due to guarding of the subluxation that is caused with the maneuver. Some physicians recommend using the pivot shift as a method of determining whether a partial ACL injury is unstable enough to require a reconstruction. KT-1000 or other instrumented Lachman examination tools can also be used; however, debate remains as to whether a side to side difference of 3 mm or 5 mm is indicative of an ACL tear.
Patellar dislocations can mimic ACL tears, and thus patellar stability must be assessed. Also, a complete ligamentous examination should be performed. Some authors recommend aspiration of a hemarthrosis that may be preventing an accurate diagnosis, however, we have found this difficult to perform in an awake, alert child or adolescent in the office setting.
Imaging AP and lateral radiographs should be obtained with weight bearing if possible. Special attention should be used to assure a perfect lateral radiograph, as this is often the best way of evaluating for and classifying tibial eminence fractures (Fig. 1) .
Examination in the acute setting may be difficult, and thus MRI may have a more important role in a child or adolescent with a traumatic hemarthrosis. While MRI can be a useful adjunct in making an accurate diagnosis with a complete ACL tear, reports have shown poor sensitivity of MRI in detecting partial ACL tears [16, 17] (Fig. 2) . MRI can also be useful in diagnosis of tibial eminence fractures, especially non-displaced, type I fractures.
Diagnosis
Diagnosis of ACL tears can be based almost completely on the history and physical examination. Over 70 % of patients with a traumatic hemarthrosis of the knee have an ACL tear [19] .The addition of advanced imaging typically raises the sensitivity and specificity of diagnosing a complete ACL rupture over 90 % [20, 21] .
Diagnosis of partial ACL tears is difficult. Partial ACL injuries occur on a spectrum making study of the natural history of these injuries impossible. The literature has wide ranging results of knee outcomes scores and progression to complete rupture [22] [23] [24] [25] . While the pivot shift may be provide information as to whether a partial ACL injury should be reconstructed, the diagnosis of a partial ACL tear cannot be made based on physical examination alone. One study found that even with 75 % of the ligament torn, patients had normal Lachman and pivot shift testing [26] .
Tibial eminence fractures are thought to occur most frequently between ages 8 and 14 [27] with an incidence of 3 per 100,000 children per year [28] . These injuries are classified by a system based on displacement described by Meyers and McKeever [29] . There have been modifications to this system [30] , yet treatment is typically dictated by the degree of displacement and differentiating between a type I, II, and III, which are all parts of the original classification scheme. Most incomplete eminence avulsions involved disruption of the anteromedial bundle [31] .
Management

Nonoperative
Most ACL injuries in the skeletally immature were previously treated without surgery. Instead, bracing, activity modification, and physical therapy were used with satisfactory short term results [32] [33] [34] . However, more recent reports of increased risk of subsequent surgery for meniscal and chondral pathology has shifted this paradigm [34] [35] [36] . Still more studies have shown that nonoperative treatment of ACL injuries can lead to chronic instability and poor outcomes, with fewer athletes able to return to their sport at the same or higher level than in those undergoing reconstruction [35, 37] . Therefore, most pediatric orthopedic physicians would strongly recommend surgical reconstruction once the diagnosis of a torn ACL is made with confirmation of a pivot shift during the examination under anesthesia. This holds true even for the pre-pubescent athlete, as results of operative management has yielded excellent outcomes without angular deformity or growth arrest [35, 38] .
Partial ACL injuries should be treated based on the degree of instability in the knee. If the knee is grossly unstable with a positive pivot shift on examination, then reconstruction should be offered to the patient. In a patient where no pivot shift can be elucidated, a trial of non-operative care consisting of a physical therapy program as well as proprioception/neuromuscular reeducation program can be prescribed [10, 39] . Bracing has been described as well, yet neither of these treatment modalities has any significant research demonstrating reduction of complete rupture or symptomatic instability in the setting of partial ACL tears [10, 40] .
Type I, non-displaced, tibial eminence fractures are typically treated with cast immobilization, yet there is some disagreement amongst authors regarding the degree of flexion. During arthroscopy, one can see the ACL taking up tension as the knee is brought into full extension. Cadaveric work has found the greatest ACL tension at 0°or at 45°of flexion [41] ; therefore, many authors recommend immobilization with casts at 10°-20°of flexion [42] [43] [44] . However, when each ACL bundle is examined independently, the AM bundle seems to tighten at about 60°of flexion, and the PL bundle tightens with extension [45] . In type II injuries with small displacements, aspiration of the hemarthosis may aid in reduction. If adequate reduction is not achieved closed, surgery is then indicated.
Operative
Once the decision to proceed with operative intervention is made, several other decisions must be made. First, surgical timing must be discussed. Most surgeons would agree that ACL reconstruction should only be performed once full motion has been regained, unless in the setting of a tibial eminence fracture or a bucket-handle meniscus tear [46, 47] (Cipolla M KSSTA 1995, Shelbourne KD AJSM 1991). Recently a report of increased risk of meniscal damage with delay in treatment of greater than 12 weeks may indicate that these injuries ought to be treated more urgently, however [48••] . Secondly, the reconstruction technique must be determined. For some authors, technique may be predicated on physeal closure status. Finally, the choice of graft must be discussed with the patient, and may partly be based on reconstruction technique chosen.
Partial ACL tear
Partial ACL tears in patients with symptomatic instability that have failed conservative management can be taken to the operating room for an examination under anesthesia. The patient should be consented for and the surgeon should be prepared to perform an ACL reconstruction and should have already discussed graft choice with the patient prior to anesthesia being administered. A pivot shift should be performed with the patient relaxed to determine the status of the ACL, which can be either functional or non-functional. The remainder of the ligament examination of the knee should be performed, including varus and valgus stress testing at 0°a nd 30°of flexion, as well as dial testing at 0°and 90°. If there is a 2+ pivot shift, meaning a true shift is felt rather than a glide, the surgeon should proceed with reconstruction of the ACL [49] . Intraoperatively, if only 1 bundle of the ACL is disrupted, some authors are reporting excellent results with reconstruction only of this injured bundle [10, 50] . However, some authors claim that this technique leaves too much tissue within the notch, which can limit motion [51] . Others believe that the remaining bundle that is not injured can have stretched similar to the plastic deformation that can occur with a tibial eminence fracture, and thus the remaining bundle, while present, is not functioning normally [25] .
Physis status
The amount of growth remaining can be judged by a number of different methods. The Tanner staging system [52] has been used as a method for assessing growth remaining, and is one of the more common systems used in prior pediatric ACL reconstruction literature. The Risser sign has been used to correlate with the risk of progression of adolescent idiopathic scoliosis but also can be used as a measure of growth remaining [53, 54] . In females, the onset of menses can help predict growth completion. Parent height can also be a predictor of amount of growth remaining. Hand radiographs can be obtained to assign the patient a "bone age," which can help predict the number of years of growth remaining [55] . The distal femur has been shown to grow 10 mm per year, and the proximal tibia 6 mm per year, thus allowing the physician to calculate a potential growth disturbance.
However, in ACL reconstruction, the entire physis is not obliterated as in growth modulation and thus these calculations may have no bearing. The concern that many have is that disruption of the physis in a localized area may lead to angulation or deformity rather than pure shortening of the extremity. A study evaluating Tanner stage 1 or 2 patients undergoing a transphyseal reconstruction using hamstrings graft found no growth disturbance at a minimum of 2 years from surgery [56••] .
Technique There are multiple techniques described, ranging from extraarticular reconstructions to all-physeal reconstructions to transphyseal reconstructions with various hybrid techniques described. Milewski et al. [57] proposed a treatment algorithm based on bone age. This algorithm recommends the MicheliKocher technique [58] for patients with a skeletal age of 6, the modified Anderson technique for skeletal age of 8, the GanleyLawrence All-Epiphyseal technique [59] (Fig. 3) for skeletal age of 10, a hybrid technique for skeletal age of 12, and a Fig. 3 a-e The all-epiphyseal ACL reconstruction technique is shown. a A guidewire is placed in the distal femoral epiphysis parallel to the physis to the center of the femoral attachment point of the ACL. A Retrograde drill (Arthrex, Naples FL) is used in the tibia to create a tunnel in the tibial epiphysis. Proper placement can be confirmed with an intraoperative CT scan. b The femoral tunnel is drilled. A passing suture is placed up the cannulated guide pin of the Retrodrill and retrieved out the femoral tunnel. c The passing suture is used to bring a Nitinol wire and the lead sutures of the graft through the knee. The femoral end of the Nitinol wire then is retrieved out the medial portal. d The lead sutures on the graft are used to pull the graft through the femoral tunnel and into the tibial tunnel. e The Nitinol wire then is used to aid in placement of the tibial Retroscrew. The knee is brought into extension and the graft tensioned and secured in the femur with an interference screw. (Adapted from [59] , with permission.) transphyseal technique for those of skeletal age 14 or older. (Fig. 4) A study by Shea et al. [60••] found that even with anatomic ACL transphyseal reconstruction ,the maximum percentage of disruption of the epiphysis was 8.8 %, which occurred when using a 9 mm tunnel, yet the mean for 9 mm tunnels was 5.4 %. On the tibial side, the maximum volumetric disruption was 6.6 % using a 9 mm tunnel, with a mean of 3.8 %. The femoral tunnel was more oblique, thus accounting for the difference, as the authors simulated independent tunnel drilling which allows the tibial tunnel to be almost completely round. The obliquity and the larger amount of physis disrupted was the rational for the development of the Lawrence-Ganley all-epiphyseal technique. Less anatomic and more vertical femoral tunnel placement also decreases the percentage of the physis disrupted. However, this may lead to restoration of less desirable knee kinematics. As the purpose of ACL reconstruction in the skeletally immature patient is to provide the patient a rotationally and translationally stable knee, anatomic ACL reconstruction may be more desirable than non-anatomic vertical tunnel positioning. That said, several studies have demonstrated that even the non-anatomic reconstruction to the over the top position with an extraarticular IT band augmentation can restore near normal knee kinematics [61, 62] although 1 study found that this may overconstrain the knee [62] .
Transphyseal ACL reconstruction has been found to be safe by a number of authors [63] [64] [65] [66] [67] . In a multi-center study, Gebhard et al. found no difference between hamstring grafts, bone-patellar tendon-bone, quadriceps tendon, and fascia lata grafts in terms of outcomes, failure, or growth disturbance [64] . These authors also found that 66 of 68 patients returned to the same level of pre-operative sport participation.
Graft source
Graft choice is somewhat dependent on reconstruction technique chosen. In the case of all-physeal or transphyseal reconstructions greater options may be present. However, there are many authors that are concerned about putting a bone plug across a growing physis with the thinking that a soft-tissue graft may have less chance of creating a bony bar and subsequent growth arrest. Soft tissue grafts have been shown to have minimal effect on growth [37, [68] [69] [70] . Several authors however have published results of using patellar tendon grafts with either periosteum [71] or bone [72] , although the bone plugs were placed proximal to the physes with suture button fixation on the cortex. Neither of these studies reported any significant growth disturbances although the latter study excluded children Tanner stage 1 or 2.
Recent literature has demonstrated that allograft use in this age group leads to an unacceptable failure rate [73] . Therefore, autograft should be used if at all possible. Occasionally, hamstring tendons may be very small in this population and may need to be augmented with allograft.
Tibial eminence fracture
Many operative treatment options have been described for these fractures, including open [36, 74] or arthroscopic [42, 43] reduction and casting and open [36, 75, 76] or arthroscopic [77, 78] reduction and fixation. Fixation can be performed with sutures [77] [78] [79] [80] [81] , (Fig. 5 ) metal screws [82] [83] [84] [85] , bioabsorbable nails [86] , Kirschner wires [36, 41, 43, 76] , or suture anchors [87, 88] . Several reports have found that screws can actually weaken the small fragment or cause comminution [78] and thus recommend suture fixation, which has demonstrated similar or improved strength profiles [89] [90] [91] . Typically some sort of visualization is required to reduce the fracture fragment as there is a high likelihood of entrapment of the intermeniscal ligament or the anterior horn of the medial or lateral meniscus [12, 84] . Most studies however, have not been able to determine a superior fixation method for these injuries and thus the surgeon must use his or her judgment based on fragment size.
Summary
Anterior cruciate ligament injury can present as tibial eminence fractures, partial ACL injuries, and complete ACL tears. Surgical treatment has led to improved results in those with displaced eminence fractures, partial tears with a positive pivot shift under anesthesia, and complete ACL tears. Meniscal and chondral injury along with poor long term outcomes have rendered non-operative treatment obsolete in all but a few rare circumstances. Technique for ACL reconstruction is typically based on the status of the physis, yet there is an increasing body of evidence supporting transphyseal reconstruction even in the very young patient. Graft source can depend on technique used, but should be performed with autograft tissue.
Author's preferred technique
There is no good evidence at this time that indicates significant physeal arrest or angulatory deformities result from the relatively small violations of the tibial and femoral physes that occur during transphyseal ACL reconstruction in the skeletally immature individual. Thus, the authors use a modified transphyseal technique in all skeletally immature patients regardless of physiologic maturity or skeletal age. Autologous semitendinosus and gracilis hamstring tendons are the graft of choice for all skeletally immature patients. Allograft tissue is avoided if at all possible due to the unacceptable failure rates noted in young, active patients and the potential risk of disease transmission. An oblique, near horizontal, incision over the pes anserinus is used for hamstring harvest. Both tendons are prepared separately and then doubled to create a quadrupled graft. These are then sized using cannulae that increase in size by 0.5 mm increments to determine the the smallest possible tunnel diameter that will still allow graft passage. This is done to achieve as tight a graft fit in the tunnels as possible.
The femoral and tibial footprints are retained for placement of anatomic tunnels. The tibial tunnel guide is placed in the center of the tibial footprint, and the angle of the guide is set as steep as possible to create a more vertical tunnel. This creates a more circular tunnel and keeps the tunnel origin as far distal to the physis as possible. Care is also taken to place the starting point of the tibial tunnel somewhat more medial on the tibial metaphysis than in the adult patient so as to avoid any compromise of the tibial tubercle apophysis. A low-speed, high torque drill is used to reduce the heat produced during drilling. The femoral tunnel is drilled from a low and steeply oriented anteromedial portal. The starting point is placed within the center of the preserved anatomic footprint of the ACL. As long as the tunnel aperture is within the anatomic center of the femoral footprint the drill angle of the femoral tunnel can take any course off of this and the graft remains anatomic. Therefore, we try to create as vertical a tunnel as possible while maintaining the anatomic location of the tunnel aperture. This approach minimizes obliquity of the tunnel and results in as little cross-sectional and volume damage to the physis as possible. Again, the more vertical the tunnel, the more circular it is and the less percentile volume of physis disrupted. Alternatively, a 2 incision technique or a retrograde drilling system can be used with adherence to the same principles. The authors typically use suspensory fixation on the femoral side and a ligament staple or screw and post on the tibial side. Suspensory fixation can also be used on the tibial side. Placement of screws or other hardware across the physis is always avoided. Rehabilitation is the same as in the skeletally mature patient and is a program consisting of early motion, progressive weight bearing, and muscle strengthening.
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